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Purpose:  Cholinergic  nerve  plays  an  important  role  in the  induction  and  maintenance  of  atrial  ﬁbrillation
(AF).  Cholinergic  innervation  at supraventricular  tissues  is  considered  to  be  the  histological  basis and
intervention-associated  target  site  for the arrhythmia;  however,  the  distribution  of cholinergic  nerve  in
supraventricular  tissues  has  not  been  clearly  studied.  In  this  study,  we  investigated  the  cholinergic  nerve
innervation  in canine  supraventricular  regions  of  hearts.
Methods:  We  performed  histological  and  immunohistochemical  staining  on canine  tissues  of  left  atrial
appendage  (LAA),  right  atrial  appendage  (RAA),  left atrium  (LA),  right  atrium  (RA),  atrial  septum  (AS),
crista  terminalis  (CT),  pulmonary  vein  (PV),  and  super  vena  cava  (SVC)  using  hematoxylin  and  eosin
(H&E)  and antibodies  to choline  acetyltransferase.
Results:  Normal  canine  cardiovascular  histological  structures  were  shown  from  H&E  staining.  Cholinergicnnervation nerve densities  at LAA  and  RAA were  signiﬁcantly  higher  than  LA,  which  was  higher  than  RA,  but  no
signiﬁcant  difference  was  observed  between  LAA  and  RAA.  Furthermore,  RA  was  signiﬁcantly  higher
than  AS,  CT,  PV,  and  SVC  and  there  were  no  signiﬁcant  differences  among  the  latter  four.
Conclusion:  The  heterogeneity  of different  densities  of cholinergic  nerve  innervation  of  canine
supraventricular  regions  establishes  the  histological  basis  of  cholinergic  nerve-mediated  pathological
conditions.
© 2013  Japanese  College  of Cardiology.  Published  by  Elsevier  Ltd.  All rights  reserved.ntroduction
The cholinergic nerve system in mammals is a crucial deter-
inant in producing and maintaining atrial ﬁbrillation (AF) [1–9].
agal stimulation (VS) is able to induce and maintain the processes
f AF; on the contrary, catheter ablation of the cardiac parasympa-
hetic nerves obviously contributes to eliminate vagally mediated
F. Furthermore, adjunctive complete vagal denervation during
ircumferential pulmonary vein (PV) ablation for rescuing AF sig-
iﬁcantly reduces the recurrence rate of AF [10]. On the other side,
he perfusion of the cholinergic neurotransmitter, acetylcholine
ACh), is capable of initiating atrial tachyarrhythmias while the
nvironment that lacks ACh prevents AF [11–13].  ACh binds to M2
eceptors and then triggers G protein to activate the ACh-activated
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ascular Research Institute, Wuhan University, 238 Jiefang Road, Wuhan 430060,
hina. Tel.: +86 13971549516; fax: +86 27 88040334.
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914-5087/$ – see front matter © 2013 Japanese College of Cardiology. Published by Else
ttp://dx.doi.org/10.1016/j.jjcc.2012.12.003potassium channels (Kir3) which induce ACh-induced inward rec-
tiﬁer potassium current (IK,ACh) [14,15].
However, the mechanisms of cholinergic nerves working on
AF have not been studied in great detail. An increasing number
of researchers insist that the heterogeneous nature of supraven-
tricular regions contributes to the mechanisms: for example,
heterogeneous vagal innervation enables VS to initiate re-entrant
atrial tachyarrhythmias by enhancing the dispersion of refrac-
toriness which is attributed to increased spatial dispersion of
refractoriness [16]; a greater quantity of Kir3 channels and higher
density of IK,ACh in left atrium (LA) than right atrium (RA) gener-
ate more Ach-induced speeding-up of rotors in LA than that in RA
[17]; and differential densities of M2 receptor and IK,ACh are differ-
ent among atria, atrial appendages, PV, and super vena cava (SVC)
and reduced IK,ACh dispersion is the mechanism for amiodarone to
treat AF [18].
The cholinergic innervations at different regions of heart
supraventricular structures have not been reported yet. We  have
measured the cholinergic nerve distribution densities at atrial
appendages, atria, atrial septum (AS), crista terminalis (CT), PV, and
SVC which comprise the supraventricular structures of hearts using
vier Ltd. All rights reserved.
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located at AS, CT, PV, and SVC were comparable. Fig. 3 shows the
mean cholinergic nerve densities compared with the eight regions
of heart supraventricular structures, respectively.Z. Li et al. / Journal of Ca
ematoxylin and eosin (H&E) and antibodies to choline acetyltrans-
erase (ChAT) staining techniques.
aterials and methods
xperimental animals
Six adult health male dogs, weighing 12–15 kg, were used for
xperimental research. This study was performed according to the
uidelines for the Care and Use of Laboratory Animals published by
he National Institutes of Health (NIH publication no. 85-23, revised
996). The protocols of the study were approved by the Ethical
ommittee of Wuhan University in China. Animal handling was
arried out according to the Wuhan Directive for Animal Research.
trial preparations
Dogs were abdominally anesthetized with pentobarbital
odium (30 mg/kg). Using median sternotomies, hearts with nor-
al  size were quickly excised and removed. Then we placed the
earts in Tyrode’s solution equilibrated at 36 ± 0.5 ◦C with 95%
2 and 5% CO2 to clean the remaining blood. The ingredients of
yrode’s solution are (mM):  NaCl 137, NaHCO3 15, KCl 4, CaCl2 2.7,
gCl2 0.5, NaH2PO4 0.5, and glucose 11 and adjusted the pH value
o 7.4.
issue processing
Hearts were ﬁxed after the procedure at room temperature
n 4% paraformaldehyde phosphate-buffered saline (PBS) solution
vernight. Each supraventricular part of the hearts was sectioned
nto eight pieces according to the anatomical boundaries: LAA, RAA,
A, RA, AS, CT, PV, and SVC.
istochemistry
Each piece of tissue was dehydrated through a series of graded
thanol, cleared in xylene, and processed for embedding into
arafﬁn block, following routine protocols. Blocks were cut by
icrotome into 5-m-thick sections and mounted on glass slides.
or each parafﬁn block, one slide was stained with H&E at an origi-
al magniﬁcation of 200× to show the histopathological structure
f the heart.
mmunohistochemistry
For immunohistochemistry, mounted tissue sections were
eparafﬁnized in xylene, and rehydrated through a series of graded
thanol. In order to retrieve antigen activity in the tissues, sections
ere incubated with citric acid buffer (pH 6.0) for 30 min  at 95 ◦C
n a water bath. Sections were incubated for 30 min  using 3% H2O2
n order to block the endogenous peroxidase. Non-speciﬁc binding
ites were blocked by incubation with normal sera. Rat monoclonal
ntibody to ChAT (Calbiochem, Merck KGaA, Darmstadt, Germany)
iluted in PBS for immunocytochemical staining was  used to label
holinergic nerves [19]. The tissues were stained in the same
ession.
tructural analysis
We determined nerve densities with a computer-assisted image
nalysis system (Image-Pro Plus 3.0, Media Cybernetics, Carlsbad,
A, USA). Each slide was  examined under a microscope to select ﬁve
elds with the highest density of nerves. The computer then auto-
atically calculated the area occupied by the nerves in the ﬁeld.
e divided the each ChAT positive area by the total area on eachgy 61 (2013) 232–236 233
microscope ﬁeld and set the value as the nerve density (m2/mm2).
The mean density of nerves in these ﬁve selected ﬁelds was used
to represent the nerve density of that slide.
Statistical analysis
Values are shown as mean ± SEM. Data analysis was performed
using Origin 7 (Originlab, Northampton, MA,  USA) software and sta-
tistical comparisons were made by ANOVA. Statistical signiﬁcance
was assumed if p-values were less than 0.05. Statistically signiﬁcant
results (p < 0.05) are indicated in the ﬁgures by an asterisk (*).
Results
Histopathologic structures of supraventricular regions are normal
As expected, normal histopathologic structures were exhibited
in the supraventricular regions of experimental animals. A longi-
tudinal section of H&E-stained cardiac tissue is presented in Fig. 1.
H&E staining demonstrated the branching nature of cardiac muscle
ﬁbers from different supraventricular regions. Cytoplasm and large
central nuclei are evenly stained and clearly displayed. Striations
within myocytes and intercalated discs between myocytes are vis-
ible and there are numerous blood vessels between the myocytes.
Cholinergic nerves are distributed at different densities among
supraventricular regions
Fig. 2 shows that examples of nerves in each supraventricu-
lar region immunoreactive to ChAT were stained as dark brown
twigs. ChAT immunohistochemical staining showed that cholin-
ergic nerve densities of LAA and RAA are the highest among all
eight supraventricular regions, in addition, there is no difference
between that of LAA and RAA (Fig. 2A and B). The next highest
was LA (Fig. 2C) and then RA (Fig. 2D). Furthermore, the choliner-
gic nerve density of RA is signiﬁcantly higher than the remaining
four regions of supraventricular structures, which are AS, CT, PV,
and SVC (Fig. 2E–H). However, the cholinergic nerve innervationsFig. 1. Histopathologic structure of supraventricular tissues is normal (hemotoxylin
and  eosin staining).
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Fig. 2. Cholinergic nerves (dark brown twigs, arrows show examples) are distributed in different densities among supraventricular regions (choline acetyltransferase staining):
l ), righ
( olor in
D
c
beft  atrial appendage (LAA) (A), right atrial appendage (RAA) (B), left atrium (LA) (C
PV)  (G), and superior vena cava (SVC) (H). (For interpretation of the references to c
iscussionWe  used histochemical and immunohistochemical staining on
anine tissues of atrial appendages, atria, AS, CT, PV, and SVC
y H&E and antibodies to ChAT staining. As expected, normalt atrium (RA) (D), atrial septum (AS) (E), crista terminalis (CT) (F), pulmonary vein
 this ﬁgure legend, the reader is referred to the web version of the article.)
histopathologic structures were illustrated in the supraventricular
tissues of experimental animals. However, cholinergic nerve den-
sities were different in different regions. LAA and RAA were higher
than LA, which was  higher than RA. But RA was higher than AS,
CT, PV, and SVC. Furthermore, there were no signiﬁcant differences
Z. Li et al. / Journal of Cardiolo
Fig. 3. Nerve densities of supraventricular regions are signiﬁcantly different. Left
atrial appendage (LAA) and right atrial appendage (RAA) are higher than left atrium
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pLA) which is higher than right atrium (RA), however, RA is higher than atrial sep-
um (AS), crista terminalis (CT), pulmonary vein (PV), and superior vena cava (SVC).
tatistically signiﬁcant results (p < 0.05) are indicated by an asterisk (*).
etween LAA and RAA and AS, CT, PV, and SVC, which indicated
he heterogeneity of cholinergic innervation at supraventricular
egions of hearts.
holinergic nerve plays a signiﬁcant role in promoting and
ustaining AF
The relationships between cholinergic nerves and AF have long
een investigated, at the same time, the mechanisms of choliner-
ic nerves working on AF have been explored as well. To compare
ympathetic and cholinergic effects on atrial effective refractory
eriod (ERP) and reentrant wavelength, Liu and Nattel [5] discov-
red that sympathetic stimulation is much less effective than vagal
timulation in promoting AF and the heterogeneity of atrial ERP is
mportant in sustaining AF. In addition, Huang et al. [6] reported
hat high vagal tone is associated with a high dispersion of atrial
RP during recovery from atrial electrical remodeling, indicating
hat the vagus and sympathetic have a synergistic effect on the
efractory period. Chiou et al. [7] found that long-term vagal dener-
ation of the atria and sinus and AV nodes can be produced by
adiofrequency current catheter ablation of the fat pads and results
n vagal denervation supersensitivity. Vagal denervation prevents
nduction of AF in this model too. In contrast, when recording the
ctivation sequence in VS-induced AF, with increasing frequency
f VS, the occurrence of vagally induced atrial premature depo-
arizations (APDs) and AF increases [1]. Similar results have been
bserved that high frequency electrical stimulation evokes rapid
ctopic beats from PV and SVC, which show variable degrees of
onduction block to the atria and induce AF, resembling ﬁndings in
atients with focal idiopathic paroxysmal AF [3].  Other research
20,21] found that posterior left atrium (PLA) and the ligament
f Marshall (LOM) contain a predominance of cholinergic nerve
bers. Targeted cholinergic blockade in the PLA and ablation of LOM
ttenuate vagal responses respectively and, consequently, beneﬁ-
ially change AF substrate for the genesis and maintenance of the
rrhythmia.
eterogeneity of supraventricular regions contributes to the basic
echanisms for AF
An increasing amount of research on the heterogeneity of
upraventricular regions focused on cholinergic electrophysiolog-
cal evidence and neurotransmitter receptors. The heterogeneous
istribution of cholinergic innervation of heart contributes to the
ro-arrhythmic ability of vagal nerve stimulation. Huang et al. [18]gy 61 (2013) 232–236 235
showed that inherent IK,ACh differences between atrial appendages
and atria play an important role in initiation and maintenance of
cholinergic AF. Another study inspected the onset of vagally medi-
ated AF and found the cycle length of the re-entry around LAA
was slow, stepwise, and initially shortened. A focal activity also
appeared in RAA and LAA, and occurred more for intense VS fre-
quencies than other types of AF. These results imply that atrial
appendages dominate the effects on the vagally mediated AF [1].
The result in our study that the cholinergic innervation at atrial
appendage is the densest among different regions of supraventric-
ular parts of the heart goes along with these conclusions.
Other research [22–25] considered that LA acts as a driving and
superior region compared to RA for the contributions to AF. The ERP
differences between canine LA and RA contribute to the differences
in APD which is shorter in LA myocytes than that in RA myocytes.
LA acts as a drive region compared to RA for AF on the basis of
these differences [25]. In isolated sheep hearts, ACh-mediated AF
is maintained by the faster re-entrant sources in LA with ﬁbrillation
conduction toward the slower RA [24]. In a chronic rapid atrial pac-
ing model, the mean AF cycle length was  also signiﬁcantly shorter
in the LA than in the RA [22]. In isolated sheep hearts, an LA to
RA frequency gradient and an overwhelming predominance of left
to right impulses transmitted across Bachmann’s bundle and the
inferoposterior pathway during AF were veriﬁed by Mansour et al.
[23]. Our result that the density of cholinergic nerves in LA is higher
than RA is consistent with the above researches.
Furthermore, PV isolation has a lower efﬁcacy in patients with
vagotonic paroxysmal AF than with adrenergic or random episodes
of paroxysmal AF. The results suggest that PV plays a less impor-
tant role in vagotonic paroxysmal AF [26]. Another study showed
that VS increased the frequency of premature atrial depolarizations
wherever from the atria. The result indicates that PV isolation is
less effective for eliminating vagotonic paroxysmal AF than other
types of paroxysmal AF [27]. Razavi et al. [28] revealed that abla-
tion around the PV ostia decreased left atrial response to VS and the
atrial vulnerability window. They thought that diminished vagal
response after ablation contributes to the restraint of AF. Thus, their
results also support that PV plays a subsidiary role in vagally medi-
ated AF. Our result that cholinergic innervation at PV with one of
the lowest densities of all the regions resembles the conclusions of
these reports.
M2 receptors mediate the cholinergic effects on cardiac func-
tions with one of the mechanisms for activating IK,ACh [14].
Differential densities of M2 receptor and IK,ACh assist in atrial
remodeling in AF induced by congestive heart failure [29]. More
speciﬁcally, previous works [18,30] demonstrated that the densi-
ties of M2 receptors and IK,ACh are higher in myocytes obtained from
the RAA and LAA than from atria, PV, and SVC. Additionally the den-
sities of M2 receptors and IK,ACh are higher in myocytes from LA than
in that from RA, PV, and SVC. These results correlate well with the
distribution of cholinergic nerve innervation at these regions in our
study showing that atrial appendages have the highest density, LA
less but higher than RA which is still higher than PV and SVC.
Zhao et al. [31] measured the autonomic innervation and den-
sity of IK,ACh in CT and concluded that the different densities of
adrenergic nerves in different regions of CT determine the gene-
sis of atrial arrhythmias; however, cholinergic innervation did not
show this heterogeneity on CT. Our study characterizes cholinergic
nerves that exhibit heterogeneity over different supraventricular
regions and the distribution on CT is low which supports the con-
clusion of their research. Sharifov et al. [1] indicated that AS can
play an important role in both the initiation and the maintenance
of VS-induced AF. However, the cholinergic innervation at AS in our
research is as low as CT, PV, and SVC which according to their results
were observed in epicardium but the cholinergic innervation was
measured in the myocytes between epicardium and endocardium.
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tudy limitations
Our study was performed in canines; therefore, the results
ay  not be able to be directly extrapolated to human hearts.
urther studies are needed to assess cholinergic innervation in
F model using more speciﬁc nerve density determination mea-
urements to further demonstrate the relationships between the
eterogeneity of cholinergic innervation and the pathological pro-
esses of AF. Furthermore, other tissues crucial to initiate and
romote AF such as ganglion plexus will be studied in our future
esearch.
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